Abstract: Rich, diverse assemblages comprising a total (live + dead) of twenty-one ostracod species belonging to fifteen genera were recovered from phreatic waters of the hypogenic Frasassi Cave system and the adjacent Frasassi sulfidic spring and Sentino River in the Marche region of the northeastern Apennines of Italy. Specimens were recovered from ten sites, eight of which were in the phreatic waters of the cave system and sampled at different times of the year over a period of five years. Approximately 6900 specimens were recovered, the vast majority of which were disarticulated valves; live ostracods were also collected. The most abundant species in the sulfidic spring and Sentino River were Prionocypris zenkeri, Herpetocypris chevreuxi, and Cypridopsis vidua, while the phreatic waters of the cave system were dominated by two putatively new stygobitic species of Mixtacandona and Pseudolimnocythere and a species that was also abundant in the sulfidic spring, Fabaeformiscandona ex gr. F. fabaeformis. Pseudocandona ex gr. P. eremita, likely another new stygobitic species, is recorded for the first time in Italy. The relatively high diversity of the ostracod assemblages at Frasassi could be attributed to the heterogeneity of groundwater and associated habitats or to niche partitioning promoted by the creation of a chemoautotrophic ecosystem based on sulfur-oxidizing bacteria. Other possible factors are the geologic age and hydrologic conditions of the cave and karst aquifer system that possibly originated in the earlymiddle Pleistocene when topographic uplift and incision enabled deep sulfidic waters to reach the local carbonate aquifer. Flooding or active migration would have introduced the invertebrates that now inhabit the Frasassi Cave system.
INTRODUCTION
Due to their toxic level of H 2 S and critically low concentration of dissolved oxygen, the environment of a sulfur-based chemoautotrophic groundwater ecosystem is considered harsher than other subsurface settings (Engel, 2007) . Despite the stressful sulfidic environment, it is remarkable that their crustacea-dominated fauna appear to be as diverse as those in non-sulfidic karst ecosystems, especially when considering endemics (Culver and Sket, 2000; Iliffe, 2004) . Since the discoveries of thermal vent communities in the 1970s (Jannasch, 1985; Deming and Barross, 1993) and the Movile Cave in 1986 (Sarbu, 1990; Sarbu et al., 1996) , several subsurface ecosystems associated with sulfidic waters, particularly in caves, were documented worldwide as hotspots for subterranean biodiversity (Iliffe, 2004) . However, the ostracod fauna are almost unknown for most of the discovered sulfidic cave and karst aquifers.
The best-known hotspot of ostracod biodiversity is the anchialine Walshingham Cave System in Bermuda, with nineteen ostracod species out of a total thirty animal species registered (Iliffe, 2004) . Other hotspots of subterranean crustacean biodiversity are known in continental sulfidic karst systems, but their associated ostracod faunas are less diverse. The Movile Cave in Romania hosts one endemic ostracod species of Pseudocandona (awaiting formal description) out of a total of eighteen aquatic species (Sarbu et al., 1996; Sarbu et al., 2000) . The large Edwards Aquifer in Texas, from which springs provide the base flow of the Guadalupe River system, also hosts only one known ostracod species, Sphaeromicola moria Hart, among its fifty-five known aquatic taxa (Longley, 1981 (Longley, , 1986 . Ostracods have yet to be studied in other sulfidic ecosystems that support diverse communities of stygobitic crustaceans, such as the thermohaline sulfidic spring complex of El Hamma in Tunisia (Por, 1963) , the Dead Sea rift valley and the Ayalon Cave in Israel (Por, 1963 (Por, , 2007 (Por, , 2011 , the springs of Grotta di Fiume Coperto in Italy (Latella et al., 1999) , Lower Kane Cave in Wyoming, USA (Porter et al., 2002; Engel, 2007) , and Cueva de Villa Luz in Mexico (Engel, 2007) .
During a joint expedition in 2001, speleologists of the Gruppo Speleologico of the Club Alpino Italiano from Fabriano and the Gruppo Speleologico Marchigiano in Ancona discovered and explored a new large extension in the deepest reaches of the Grotta del Fiume in the Marche region of central Italy, which, along with another dozen or so other caves, is part of the sulfidic chemioautotrophic ecosystem of the hypogenic karst of Frasassi (Fig. 1; entrance coordinates: 43u249030N; 12u579480E) . In this newly discovered part of the cave, named New Mexico, the speleologists found the bones and skin of hundreds of subfossil eels (Anguilla anguilla L.) lying on the subvertical banks of large phreatic lakes up to about 5 m above the water table (Fig. 2) .
Taphonomy and carbon-isotope analysis of the eel remains indicate that the animals periodically entered the cave from the Sentino River that flows outside the cave through the deep Frasassi Gorge. The eels survived in this hypogean environment feeding on sulfur bacteria (Mariani et al., 2007) , which still flourish in the sulfidic bottomwater layer of these phreatic lakes (Macalady et al., 2008a, b) . These chemosynthetic, autotrophic sulfur bacteria are the food source for a number of stygobionts endemic to the cave, including protozoans (Buonanno et al., 2009) , annelids (Erséus, 2009) , rotifers (Claudia Ricci, personal communication, January 2010), gastropods (Bodon et al., 2009) , copepods (Diana Galassi, personal communication, October 2009) , and amphipods (Bauermeister, 2009; Dattagupta, 2009; Karaman et al., 2010 ; also see review by Montanari, 2010) . After dying, the decomposing eels floated on the surface of these phreatic pools, and after heavy rains the slow northward backflow of vadose bicarbonate water washed them up onto the rocky banks (Mariani et al., 2007) . Through accurate radiocarbon dating of the eel remains, Mariani et al. (2007) obtained corrected 14 C ages that increased with height above present mean water table from 2200 BP at 63 cm, to 2600 BP at 215 cm, to 7200 BP at 395 cm. Using a radiocarbon age of 8400 BP from a calcite rind contouring the lakes at 465 cm, Mariani et al. (2007) estimated that the water table dropped at a mean rate of about 0.55 mm y 21 during the Holocene because of the incision of the Sentino River and the tectonic uplifting of the Frasassi area.
While preparing samples for radiocarbon dating, Mariani et al. (2007) recovered numerous well-preserved shells of microgastropods and ostracods that had been intimately mixed with the eel debris (Fig. 2C) . Stygobitic hydrobiid microgastropods (,1 mm) belonging to the genus Islamia were first reported in the sulfidic sections of the Frasassi caves by Sarbu et al. (2000) as a component of its hypogean fauna that included fourteen other species of mostly terrestrial invertebrates, five of which were new taxa and seven of which were endemic to these caves. They reported only two inhabitants of the aqueous environment in the cave, the amphipod Niphargus ictus Karaman and the microgastropod Islamia pusilla (Piersanti). In a subsequent study on these microgastropods, Bodon et al. (2009) identified them as Islamia sp. 2, an undescribed species known only from this cave system and provisionally identified from a few sulfidic springs in Umbria and Latium.
The discovery of abundant ostracod shells among the remains of subfossil (Holocene but not recent) eels prompted our study of them in several phreatic lakes and pools throughout the cave system, as well as in and around a sulfidic spring outside the cave and on the banks of the Sentino River. In this paper, we present a reconnaissance of these ostracod assemblages that focuses on their ecological characteristics and distribution. We highlight two new stygobitic species, here reported in open nomenclature as Mixtacandona sp., which is apparently endemic to the Frasassi cave system, and an elusive yet intriguing Pseudolimnocythere sp., which is represented by more than one thousand subfossil carapaces and valves recovered from various sites in the cave. We report also on a third presumably new stygobitic or stygophilic species, Pseudocandona ex gr. P. eremite that was recovered rarely and only from the Frasassi sulfidic spring, and eighteen other ostracod species collected from localities along the riverbanks and the sulfidic spring. Detailed taxonomic descriptions of the three new species will be addressed in the future.
GEOLOGIC SETTING
The Frasassi Cave system is a 25 km karstic maze located in the Mt. Frasassi-Mt. Valmontagna blind-thrust anticline, which is part of the Umbria-Marche Apennines thrust-and-fold belt of central Italy (Fig. 1) . The core of the anticline is made of a 800 m thick succession of massive carbonate platform limestone layers of the Calcare Massiccio Formation (earliest Jurassic), overlain by a succession of Jurassic to Eocene pelagic limestone formations (Fig. 3) . The Calcare Massiccio rests on top of the uppermost Triassic Burano Formation, which consists of a 2000 m thick succession of evaporitic anhydrites, black shales, and bituminous limestones (Martinis and Pieri, 1964) . The Burano evaporites are not exposed in the Frasassi area, but are present in deep boreholes, and they are quarried in some localities near Perugia, in Umbria.
The anticline is dissected by the deep Frasassi Gorge, which was incised by the eastward-flowing Sentino River, a tributary of the Esino River. The Sentino flows at piezometric level in the Frasassi Gorge, which corresponds to the height of the water table in the cave system, at about 205 m above mean sea level toward the eastern end of the gorge. The incision of the gorge was the result of a combined process of antecedence and superposition beginning during the Pleistocene (Mazzanti and Trevisan, 1978; Alvarez, 1999) . The core of the anticline was karstified during this time, with the formation of the giant Frasassi Cave system, which comprises seven main subhorizontal levels connected by narrow, steep to nearly vertical shafts (Fig. 4) . This is the result of alternating erosion and deposition controlled by successive Quaternary glacial-interglacial cycles during a steady, regional tectonic uplift (Cattuto, 1976; Bocchini and Coltorti, 1990; Galdenzi and Menichetti, 1995; Mayer et al., 2003; Cyr and Granger, 2008; Wegman and Pazzaglia, 2008) . Some large rooms, such as the 250 m high Abisso Ancona (estimated at 10 6 m 3 ), were created by the collapse of the thin rock layers separating the hypogean levels. The lowest level is flooded by the water table and represents the piezometric level of the cave system. Deep groundwater contacting the Burano Formation reduces the anhydrite, allowing sulfidic H 2 S-rich water to well up along the fault that bounds the east side of the Frasassi anticlinal massif, eventually emerging along the intersection of this fault with the Sentino River bed (see Fig. 3 ).
The presence in the Burano Formation of anhydrite (CaSO 4 ) as a sulfate source and black shale as an organic carbon source provides the conditions for bacterial sulfate reduction in deep groundwater to form H 2 S. Bacterial action is necessary in this reducing process because H 2 S would not be produced inorganically at any significant rate at temperatures below 200uC (Druschel et al., 2009 Þthat corrodes and dissolves the limestone (CaCO 3 ) of the Calcare Massiccio, thus forming the hypogenic cave system within the water table. Such a reaction, which would be extremely slow without the action of the sulfur bacteria, precipitates gypsum (CaSO 4 ?2H 2 O), which, being soluble in water, is carried away out of the cave system with the slow but continuous flow of vadose water. In some parts of the cave, sulfidic water reaches the surface, exhaling H 2 S directly into the cave atmosphere. This causes corrosion of the limestone vaults, formation of microcrystalline gypsum slush masses (Galdenzi and Maruoka, 2003) , and the growth of extremely acidic pendulous biofilms (snottites) attached to the walls of the cave (Macalady et al., 2007 , Jones et al., 2012 . In summary, the giant Frasassi Cave system is the result of sulfidic hypogenic karstification in which sulfur-oxidizing bacteria play a major role in the massive corrosion of the Calcare Massiccio limestone (Galdenzi et al., 1999 (Galdenzi et al., , 2008 Macalady et al., 2006 Macalady et al., , 2008a . Continuous and abundant production of organic matter by the H 2 S-oxidizing bacterial activity is the basis of a complex stygobitic ecosystem.
MATERIALS AND METHODS
During 2005-2010, eighty samples were collected for ostracods from ten Frasassi localities). These included fifteen small samples of subfossil eel remains (bones and skin), ranging from 0.1 to 5.0 g each, collected in 2005-2007 at eight different heights above water table (50, 70, 150, 200, 215, 300, 370 , and 395 cm) on the banks of Lago delle Anguille in the New Mexico region of the Grotta del Fiume (see Fig. 4A for location). Ostracod carapaces and valves were separated from organic eel remains with a moist fine brush and mounted on micropaleontological slides for examination.
A total of twenty-two sediment samples were systematically collected at different times of the year from spring 2005 to winter 2010 from eight phreatic lakes in the Grotta del Fiume-Grotta Grande del Vento complex. In order of progressively greater distance from the natural entrance of the Grotta del Fiume, these are Lago Verde, L. della Bottiglia, L. Stratificato, L. Traverso, L. Blanco, L. delle Anguille, L. Infinito, and L. Claudia (Fig. 4A) . Arm length limited substrate sampling to water depths ranging up to 60 cm. Except for Lago della Bottiglia, where sampling was done in 2009 and 2010 using a plankton net, all sediment samples were collected in 3 L sealable plastic bags containing abundant cave water using an ordinary 7 cm diameter metal tea strainer as a scooper. A few hours after their collection, samples were wetscreened at the Geological Observatory of Coldigioco to remove sediment smaller than 63 mm and greater than 2 mm; the residues were preserved in 50 mL Falcon tubes with 70% ethanol for transport to the University of California Museum of Paleontology, where the residues were again washed through a 63 mm sieve. Each dried residue was split into 63, 125 and 250 mm fractions for stereomicroscopic examination; all ostracod specimens were picked and sorted on micropaleontological slides. Images of selected specimens were obtained using the Hitachi TM-1000 Tabletop Scanning Electron Microscope at the Robert M. Ogg Electron Microscope Laboratory, University of California, Berkeley.
It is important to point out that, despite our intention to perform sampling in the most systematic and consistent way possible, difficult environmental conditions that vary between lakes and sampling sites hindered our attempts to obtain a sample collection that would be appropriate for an accurate quantitative assessment of the ostracod assemblages in the cave. Only experienced and technically proficient cavers can reach many of the sites, particularly the inner lakes of the Grotta del Fiume (Fig. 5) . Hence, sampling was limited to sites where a lake's bank is relatively easy to reach and has a gentle or flat slope that enabled us to easily collect fine sediment from shallow depths.
At Lago della Bottiglia (Fig. 5A ) in the Grotta del Fiume and in all the larger, up to 8 m deep lakes in the New Mexico region of the cave, the sulfidic water layer is usually at a depth of approximately 4 m (Mariani et al., 2007) . Therefore samples were collected well above the chemocline, in oxygenated bicarbonate water. On the other hand, at Lago Verde and Lago Claudia (Figs. 6C, D), sulfidic water often reaches the water table, and the sediment along the banks is usually black in color, reduced, and rich in hydrogen sulfide (Figs. 6B, D) . In most cases, cave-lake sediments were usually made of micro-or cryptocrystalline calcite or clay, sometimes containing iron-sulfide grains, and, at the Lago Infinito sampling site, microcrystals of gypsum. Where the bank of the lake is a talus slope, as at Lago Verde and Lago Claudia, the sediment consists of fine grains to large angular fragments of limestone. In contrast, the sparse sediment attached to the steep, rocky bank of Lago della Bottiglia at the bottom of Pozzo dei Cristalli (Fig. 4A ) consists of calcite microcrystals and fecal pellets of the hygrobiid gastropod Islamia sp. 2.
One sample was collected at Lago Claudia in summer 2008 experimenting with a suction pump with a 63 mm polyester monofilament cloth as catching filter and kept in water to be observed in a 12 cm diameter Petri dish at the Coldigioco lab. From this sample, live ostracod specimens were separated and preserved in 70% ethanol for later identification. After discovering live specimens at Lago Claudia, in 2009 we adopted the use of a 20 cm diameter polyester plankton net with a 44 mm mesh and a 50 mL Falcon tube as terminal catcher for further sampling in this relatively accessible site, and we also used it at Lago della Bottiglia (see Fig. 4A for locations) .
Twenty-four sediment samples from the Frasassi sulfidic spring were collected at different times of the year from winter 2006 through summer 2009. The sampling site is a small, ephemeral pond on the left side of the sulfidic stream, which flows for a few meters out of the calcareous massif through a small cave before merging into the right bank of the Sentino River (Fig. 7A ). The pond is protected from the direct flow of the river by boulders. The reduced, sulfidic sediment of the pond includes lime, calcareous sand, and pebbles derived from the various formations of the Umbria-Marche sedimentary succession, mostly pelagic limestones and chert from the Jurassic to Oligocene part of the succession, and siliceous sand, silt, and clay from the Miocene flysch succession (Marnoso-Arenacea Formation). All samples from this site contained abundant leaf and woody litter. Collecting was performed during low river flow. During prolonged periods of heavy rains, usually in the early winter and early spring, the Sentino River floods, rising to 3 m above normal level. During these events, the ephemeral sulfidic spring and pond are completely submerged by the rushing, muddy river water (Fig. 7B) . It usually takes a week or more of dry weather for the Sentino to return to its low, normal flow regime and for the sulfidic environment of our sampling site to regenerate.
Seven riverbed sediment samples were taken in 2006 and 2009 along the right bank of the Sentino 15 and 30 m upstream and 5 and 10 m downstream from the sulfidic Spring. One sample was also collected on the left bank about 15 m directly across the river from the sulfidic spring site. These fluvial deposits were used for comparison with samples from the cavern and sulfidic spring.
Due to the difficulty of sampling the bottom waters of the hypogean lakes, there are no measurements of their oxygen concentrations. Among profiles of redox potential measurements versus depth obtained in 2009 for a few lakes, those for Lago Infinito and Lago Profondo showed they were well stratified, with a sharp chemocline above water with oxygen below detection limits of ,6 mg L 21 or 0.2 mmol L
21
. The well-mixed sulfidic stream was not anoxic, but had very low oxygen levels. (J. Macalady, pers. comm.) 
RESULTS
In total, sixty-six of the eighty Frasassi samples yielded 6850 ostracod specimens representing twenty-one species-group taxa (Table 1; Figure 8 ) belonging to fifteen genera and five families (Candonidae, Ilyocyprididae, Cyprididae, Limnocytheridae, and Loxoconchidae). The seventy-seven assemblage slides prepared in this study reside in the University of California Museum of Paleontology microfossil collection as UCMP 46331-46407. Table 1 records the numbers of valves and live specimens of each taxon at the ten Frasassi localities. However, it must be pointed out that the number of valves per species in Table 1 is not a standardized measure of the absolute abundance relative to a unit of sediment surface, mass, or volume, nor is it of the abundance of specimens in one site relative to another. Each site was sampled multiple times, some more times than others, and the amount of sediment recovered varied. The total amount of sediment analyzed also varies from site to site. Nevertheless, the specimen counts reveal the relative abundance of each species at each location.
Out of the twenty-one species identified, three stygobites are of particular interest. Numerous valves and live individuals identified as Mixtacandona sp. (Fig. 8G ) most likely represent a new species that closely resembles Mixtacandona talianae Gliozzi and Mazzini and M. italica Karanovic and Pesce. Mixtacandona talianae was described from valves recovered from Holocene cave deposits in Grotta del Lago in Umbria, central Italy (Gliozzi and Mazzini, 1998a) , while M. italica was collected live from groundwater accessed through wells in Puglia, southeastern Italy (Karanovic and Pesce, 2000) . Our specimens are similar to these two species in having a trapezoidal left valve, a height:length ratio greater than 55%, and remarkable dorsal protuberances. But Mixtacandona sp. can be distinguished by its straight or only slightly concave valve margin in the anterodorsal and posterodorsal sections, unlike that of M. talianae and M. italica, where it is distinctly concave, and by its larger size (valve length 0.70 to 0.75 mm vs. 0.54 to 0.57 mm for M. talianae and 0.57 to 0.62 mm of M. italica). The Frasassi specimens differ also in soft-part features that await detailed study and description.
Triangular valves of other putative new stygobitic candonid species found in sediments of the Frasassi sulfidic spring were assigned to Pseudocandona ex gr. P. eremita (Fig. 8F ) based on the diagnosis of Namiotko and Danielopol (2004) . This open nomenclature is used because several species belonging to this group presently cannot be unambiguously separated without thorough analysis of valve shape and male genital morphology (see Iepure et al., 2007) . Although the taxonomic status of our specimens remains to be determined by further study, the occurrence of Pseudocandona ex gr. P. eremita in the sulfidic spring allows us to extend the known geographical distribution of the P. eremita group, as this is the first record of a representative of this stygobitic ostracod group in Italy. It also allows us to revise the ecological valences of this group previously known only from non-sulfidic waters.
As for Pseudolimnocythere sp., the third stygobitic ostracod found at Frasassi (Fig. 8U) , it shows closest affinity to P. hypogea Klie, originally described from material collected from groundwater in southern Italy (Klie, 1938) and subsequently recorded in caves and wells in Puglia by Pesce and Pagliani (1999) and Karanovic and Pesce (2001) . More recently, individuals of this genus were reported in northern Apennine springs (Bottazzi et al., 2008; Stoch et al., 2009 ), but they were not described. It is unfortunate that none of the Frasassi Pseudolimnocythere sp. specimens retain their soft parts, as the limb and genital morphology in the genus are better characteristics for distinguishing species than valve morphology alone. Future detailed study on the valve morphology and additional material with soft parts will enable us to confirm the taxonomic status of our specimens.
Some other taxa in the studied material are also left in open nomenclature (Table 1 , genus and species indeterminate) to indicate that the identification to the species level was provisional, uncertain, or impossible due to the lack of soft parts or an insufficient number of well-preserved adult valves. The senior author tentatively identified some Figure 6 . (A) Lago Verde, the phreatic pool closest to the natural entrance of the Grotta del Fiume cave sampled in this study. Samples were taken from the shallow, muddy edge of the pool, beyond which the lake drops several meters. The concentration of H 2 S in the superficial water layer may change considerably through time due to the seasonally variable water table and the relatively shallow sulfidic water layer. (B) Closeup of the sampling site on the shore of Lago Verde. Note the numerous amphipods Niphargus ictus pasturing in a 5 cm deep pond on the shore of the lake. The lake bottom consists of black, reduced, sulfidic mud mixed with rocks from the bank's scree. (C) Lago Claudia, the sampled phreatic pool farthest from the natural entrance of the cave. (D) Shallow bottom along margin of Lago Claudia showing the angular limestone clasts derived from the talus slope that distinguish it from Lago Verde.
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broken valves from the sulfidic spring as belonging to two other species of Mixtacandona and one species of Cryptocandona, suggesting a greater species diversity of groundwater-associated ostracod assemblages in the Frasassi cave system. However, as verification of this material was impossible, these taxa were excluded from further study pending the availability of sufficient material.
Apart from the three presumably new species (Mixtacandona sp., Pseudocandona ex gr. P. eremita, and Pseudolimnocythere sp.), two candonid species identified only to the species group (Candona ex gr. C. neglecta and Fabaeformiscandona ex gr. F. fabaeformis), and an unidentified species of Paralimnocythere, all taxa listed in Table 1 have been previously reported from various habitats elsewhere in Europe (Meisch, 2000) . They have been also recorded from various present-day water bodies and late Pliocene to Holocene deposits in the Italian Peninsula, Sardinia, and Sicily (e.g., Ambrosetti et al., 1995; Barberi et al., 1995; Calderini et al., 1998; Gliozzi and Mazzini, 1998b; Gliozzi, 2000; Meisch, 2000; Karanovic and Pesce, 2001; Rossi et al., 2003 Rossi et al., , 2004 Rossetti et al., 2004 Rossetti et al., , 2005 Rossetti et al., , 2006 Pieri et al., 2006 Pieri et al., , 2007 Pieri et al., , 2009 Rossi et al., 2010) .
In the epigean site of the sulfidic spring pool (FSS in Table 1 ), live specimens collected were limited to Candona ex gr. C. neglecta, Fabaeformiscandona ex gr. F. fabaeformis, Ilyocypris monstrifica, Prionocypris zenkeri, Cypridopsis vidua, Potamocypris zschokkei, and Limnocythere inopinata. Prioncypris zenkeri was the most abundant taxon, represented by 1541 valves and six live individuals from the sulfidic spring. Valves of most of these species were also recovered from non-sulfidic sediment samples collected along the banks of the Sentino River, but the live fauna recovered consisted only of eight specimens of Fabaeformiscandona ex gr. F. fabaeformis (FSR in Table 1 ).
Inside the cave at Lago Verde, the sampled phreatic pool closest to the natural entrance of the Grotta del Fiume (,150 m straight-line distance), we found 281 valves of many of the taxa recovered outside plus one live specimen of Pseudocandona albicans. The most abundant ostracod species at Lago Verde, represented by 82 valves, is Candona ex gr. C. neglecta (LVE in Table 1 ). Two live juveniles of this taxon were recovered elsewhere, one from the sulfidic spring and another, interestingly enough, at Lago Claudia, the most remote lake in the inner part of the Grotta Grande del Vento, about 1.2 km straight-line distance from the natural entrance of that cave (Fig. 4A) .
Hundreds of specimens of Mixtacandona sp., Pseudolimnocythere sp., and Fabaeformiscandona ex gr. fabaeformis were recovered from the most remote sites of the cave system, as well as a very few valves of Candona neglecta, Candona ex gr. C. neglecta, Pseudocandona albicans, Herpetocypris chevreuxi, and Cypridopsis vidua, rarely found in sites closer to an entrance.
Of the three most abundant species in the hypogean environment of Frasassi, only Mixtacandona sp. was found live and abundant at Lago della Bottiglia and Lago Claudia. Empty valves of this species were present in all the other sampled cave sites, as well as the sulfidic spring outside the cave, but none were recognized in any of the samples from the freshwater sites along the Sentino River banks. Lago Blanco yielded a disproportionate 383 valves of Mixtacandona sp., 325 of which were in sample LBL/07-21/04. Valves of this species were also found among subfossil eel remains at Lago delle Anguille, at 395, 300, 150, and 70 cm above the present water table. The limy sediment of Lago Blanco also produced a disproportionate number of Fabaeformiscandona ex gr. F. fabaeformis, which occurred as 435 valves, 325 of which were in the same Considering that a total of only five valves of Fabaeformiscandona ex gr. F. fabaeformis and fifteen valves of Mixtacandona sp. were recovered from the subfossil eel samples, it appears that Pseudolimnocythere sp., though probably extinct by now, had been the dominant ostracod species of the Frasassi cave system in the recent past.
In the studied material, Pseudolimnocythere sp. was represented predominantly by separate adult valves, which may indicate some evidence of taphonomic postmortem disturbance or biological activity (Boomer et al., 2003) . However, in samples large enough to provide a significant number of specimens (ca. .150), separate valves were accompanied by closed carapaces with the mean valve:carapace ratio 6SD 5 21.8 6 9.7 (based on four abundant samples from Lago Blanco, Lago Infinito, and Lago delle Anguille). At Lago delle Anguille, Pseudolimnocythere sp. was found in seventeen samples with varied abundances, six of which had only separate valves. The other eleven samples had valve:carapace ratios that ranged from 1:1 to 75:1 with the mean value 6SD 5 12.2 6 21.7. This predominance of valves, however, may be biased, because carapaces of this very small species (adult length , 0.35 mm), especially juveniles, are more prone than those of larger species to disarticulation resulting from chemical and biological decomposition of soft parts, as well as physical separation during sample collection and processing. Nevertheless, we believe that our record represents an autochthonous assemblage preserved in situ (i.e., thanatocoenosis sensu Boomer et al., 2003) , and as such, it is a good indicator of an accumulation representing an in situ life environment.
DISCUSSION

HABITATS
From this reconnaissance study, our first impression is that the main selective factor for the Frasassi ostracod assemblages is the hydrogen sulfide contained in the waters of the sulfidic spring and the hypogean lakes that requires special adaption to both the toxicity of H 2 S and the hypoxia in these environments. Sulfur bacteria, which thrive in these sulfidic waters, provide a limitless and constant food source for those ostracods that can adapt to the conditions and diet. In contrast, in non-sulfidic, epigean waters, the food source normally consists of algae and other vegetal or animal matter. In terms of environmental or ecologic characteristics, the main difference between the sulfidic spring and the cave sites is that the latter are aphotic. In addition, the environmental conditions in the phreatic pools of the cave are much more stable than those of the sulfidic spring pond, which gets obliterated several times a year by floodwaters of the Sentino River.
It is remarkable that Mixtacandona sp. and Candona ex gr. C. neglecta seem to be the only ostracods living permanently, at least since the early Holocene, in the phreatic waters of the cave system. Our Mixtacandona sp. displays morphological traits typical for a stygobite dweller with a long evolutionary history of isolation underground, being diaphanous, depigmented, transparent, small-sized, and anophtalmic.
HYPOGEAN COLONIZATION
Some questions remain about how and when ostracods colonized the groundwater habitats of the Frasassi Cave system. They either entered gradually by actively passing through interstices and fractures of the limestone bedrock below the water table or they were introduced passively en mass via episodic flooding of the cave when the Sentino River flowed at the same elevation as large natural entrances. However, the ostracod richness and endemicity in the Frasassi area is probably due to both species-habitat specialization and the general factors that act in any subterranean ecosystem, like the age of the system, karst isolation, and the underground colonization history at the regional level. At present, a number of cave systems' entrances are located on the Mt. Valmontagnana (southern) side of the Frasassi Gorge at elevations between 350 and 500 m above msl (e.g., Buco Cattivo, Grotta del Paradiso, Grotta dell'Infinito, Buco del Diavolo, Grotta dell'Inferno; see Cattuto, 1976) . Although karstic morphology and rare residual gypsum deposits in these caves indicate that sulfidic activity was present in the phreatic environment when the Sentino River was flowing at these elevations, the lack of geochronological data prevent an accurate assessment of the age of formation of these upper and older karstic levels. Moreover, no evidence of fossil stygobitic animals has yet been found in the sediments of these caves. Cyr and Granger (2008) obtained an Al/Be cosmogenic age of 760 6 250 ka from a fluvial deposit preserved in the Grotta della Beata Vergine, on the Mt. Frasassi (northern) side of the gorge at an elevation of 325 m. This suggests that a sulfidic hypogean environment capable of supporting a complex chemoautotrophic ecosystem was present in this area in the late-early Pleistocene and that the Sentino River could have transported epigean organisms in the cave system via episodic floods.
The only natural cave entrance known on the slopes of the Frasassi Gorge at an elevation lower than 325 m, besides the Grotta del Fiume, is that of the Caverna del Carbone, a small cave located near the tourist entrance of the Grotta Grande del Vento, at 236 m (i.e., ,31 m above present river level). The floor of the Caverna del Carbone is alluvium, mostly clay, some sand, and pebbles. An impenetrable clay deposit presently obstructs the inner tunnel of the cave that leads southward toward the Grotta Grande del Vento. Coincidently, a well-sorted, fine-sand fluvial deposit preliminarily dated with the optical-stimulated-luminescence method on quartz at 111 6 17 ka (Markus Fiebic, pers. comm. on work in progress) is located in the northernmost end of Sala 200 (see Fig. 4A for location) in the Grotta Grande del Vento, at an elevation of 234 m, corresponding to the third level of the cave system. In both these fluvial deposits, we found well-preserved ostracod valves representing essentially the same species that we collected from the Sentino River site. Besides Candona candida, C. neglecta, C. ex gr. C. neglecta, Ilyocypris bradyi, I. gibba, Potamocypris sp., and juvenile cypridid valves that most probably represent species found today in the Sentino River, such as Heterocypris cf. H. reptans or Psychrodromus olivaceus), as well as rare valves of Mixtacandona sp., these paleoassemblages include two other species, Cyclocypris cf. C. ovum (Jurine) and Potamocypris fallax Fox, that were not recorded in the Sentino River, sulfidic spring, or Frasassi Cave system. These observations allow no doubt that the Sentino River was flooding the cave during the Riss-Würm interglacial period, importing organisms from outside the cave into the cave's phreatic environment.
At present, the Sentino River flows approximately 3 m below the natural entrance of the Grotta del Fiume. The study by Mariani et al. (2007) on the subfossil eels demonstrates that there have been, as far back as 7200 years ago, open passages below the water table through which these fish were able to enter the hypogean environment and swim to the deepest and farthest reaches of the cave system. It is reasonable to think that other outsiders were able to enter the cave along with the eels, and some of them were able to adapt to its environment. We found valves of three ostracod species mixed with the subfossil remains of these eels: Mixtacandona sp., Fabaeformiscandona ex gr. F. fabaeformis, and unusually abundant Pseudolimnocythere sp. Of these, only Mixtacandona sp. presently lives exclusively in the same cave environments. In recent years, eels have been observed swimming in a small pool in the Grotta Solfurea about 80 m from the Sentino River ( Fig. 4A ; pers. comm. by Piero Mirabella and Sandro Galdenzi and sighting by Alessandro Montanari in 1973) . If anything, this indicates that there must be at least one direct connection between the Sentino River and the cave system. Alternatively, it may be that exceptionally heavy flooding of the Sentino River, like the one in the winter of 2010, would have swollen the river level high enough to reach the Grotta del Fiume entrance, allowing the river water to rush into the cave transporting sediment and live aquatic animals, including fish and ostracods. Further research on the cave sediments will hopefully provide greater insight on the history of ostracod colonization of this extraordinary cave system.
ECOLOGY AND TROPHIC ADAPTATION
The recovery of only one live specimen, a juvenile, of Candona ex gr. C. neglecta at Lago Claudia and only one live Pseudocandona albicans at Lago Verde prevents us from making any assessment on the ecology and trophic adaptations of these ostracods living today in the phreatic environment of the Frasassi cave system. On the other hand, something can be said in regard to Mixtacandona sp., which thrives in the phreatic waters of Lago della Bottiglia and Lago Claudia. The accessibility and morphology of the Lago della Bottiglia (Fig. 5A ) makes possible a rough estimate of how many specimens live in a square meter of the lake's bank at any time. This small yet deep lake has a stratified water column, with a layer of well-oxygenated bicarbonate water at the surface and a layer of sulfidic water down to a depth of 3 to 4 m. During an expedition to this site in September 2009, live specimens of Mixtacandona sp. were captured by gently brushing the 20 cm diameter rigid rim of a conical plankton net against the steep, rocky banks of the lake with slow, repeated movements from about 50 cm depth upward to the surface. During thirty such strokes, about 2 m 3 of water passed through the net over about 0.5 m 2 of the lake's rocky bank, with a total catch of about 25 cm 3 of fine sediment containing twenty-five shells of the hygrobiid gastropod Islamia sp. 2, several Niphargus ictus, a few nematodes, a few dozen copepods, about fifty disarticulated ostracod valves, and eleven live individuals of Mixtacandona sp. No other ostracod species were recognized in the catch. Sampling was repeated at different times in the following year at this site using the same procedure (thirty strokes over the same bank surface), and a catch of ten to fifteen live specimens was consistently obtained, leading to the conclusion that, at this site, twenty to thirty specimens were living on a square meter of rocky bank. As mentioned above, the sparse sediment attached to the rocky bank is mostly made of Islamia sp. 2 fecal pellets. Direct observation of this gastropod in mesocosms over a period of three years (see review by Montanari, 2010) , revealed that it feeds on bacteria by pasturing on the glass wall of the tank along the boundary between the deep sulfidic water layer and the overlying bicarbonate water layer, where the highest concentration of benthic microorganism such as bacteria, protozoans, nematodes, platyhelminthes, and rotifers were found. But for most of the time, the gastropods crawl on the glass walls of the mesocosms well above the chemocline, in oxygenated, bicarbonate waters, and never descend into the euxinic bottom-water layer. These observations led us to hypothesize that ostracods and other stygobitic meiofauna such as copepods find gastropod fecal pellets to be an important trophic resource in Lago della Bottiglia.
The trophic situation at Lago Claudia is different than that deduced at Lago della Bottiglia. At Lago Claudia, the sulfidic bottom-water layer often reaches the lake's surface, with H 2 S escaping into the cave's atmosphere. The northern bank of this deep pool is the base of a gentle limestone talus slope (Figs. 6C, D) that is often reached by the chemocline, particularly during the dry season in summer and early autumn. In these times, the bottom of the shallow bank is sulfidic and reduced, and it is capped by a layer of bicarbonate water just a few centimeters thick. Live specimens of Mixtacandona sp. were recovered from this site in July 2008 (sample LCL/08.07/04) and observed in a Petri dish, where they were distinctly seen grazing on threads and feathers of sulfur-oxidizing bacteria on rocks and clay in the substrate sample.
An additional distinct trophic adaptation is suggested by the presence of Mixtacandona sp., Fabaeformiscandona ex gr. F. fabaeformis, and abundant Pseudolimnocythere sp. on the remains of subfossil eels at Lago delle Anguille (Table 1) , along with numerous shells of the gastropod Islamia sp. 2. Our samples of these remains were small scrapings from which it was impossible to determine if the microgastropods and ostracods had been ingested by the eels or if they had been feeding on the remains. However, a complete specimen collected later clearly shows them scattered on the outer surface of the skin, suggesting that they were necrophagous. We believe the presence of these organisms on the eel carcasses is somewhat analogous to the extreme, ephemeral deep-sea ecosystem that develops on a fallen whale (Dominici et al., 2009 , and references therein). These carcasses, such as the Pliocene whale studied by Dominici et al. (2009) in Tuscany, serve as a long-lasting food source for a welldiversified invertebrate fauna dominated by gastropods, bivalves, decapods, and worms in an otherwise extreme, oligotrophic, and mainly chemosymbiotic environment.
All considered, we conclude that Mixtacandona sp., as well as other endemic ostracod species found in the phreatic waters of the Frasassi cave system, are benthonic stygobitic grazers dwelling in oxygenated waters not far from a sulfidic chemocline, which constantly provides them with a limitless food supply of sulfur bacteria. The ostracods are opportunistic feeders that adapt to local trophic provisions, such as abundant fecal pellets of gastropods and occasional fallen eels.
CONCLUSIONS
The 6850 specimens of twenty-one species of ostracods recovered over five years of sampling at the Frasassi cave system and the adjacent sulfidic spring and Sentino River constitute the largest and most diversified collection to date of these microcrustaceans from a continental sulfidic cave and karst aquifer. The dominant species differ between the assemblages inside and outside the cave. The cave fauna includes three apparently new stygobitic species. Import by river floods and gradual migration, trophic opportunism, and environmental heterogeneity have contributed to and maintained the species diversity at a relatively higher level than is typical for freshwater environments. Future studies of this sort should enable us to better understand the ecology and evolution of hypogeal ostracods, and, in turn, the ostracods may find utility in deciphering the evolution and environmental health of individual cave systems. 
